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Surface morphology of bucky papers (BP) made from single wall carbon nanotube (CNT) was 
modified by plasma treatment resulting in the formation of vertical microstructures on the 
surface. The shapes of these structures were either pillar like or cone like depending on 
whether the gas used during plasma treatment was Ar or CH4. A complex interplay between 
different factors like the electric field within plasma sheath, polarization of CNT, inter tubular 
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cohesive forces and ion bombardment resulted in the formation of these structures. The roles 
played by these factors were quantitatively and qualitatively analyzed. The final material was 
flexible, substrate free, composite free, made of only CNTs and had discrete vertically aligned 
structures on its surface. It showed enhanced field emission and electrochemical charge 
storage capabilities. Field enhancement factor increased by 6.8 times and turn on field 
dropped by 3.5 times from an initial value of 0.35 V/µm to 0.1 V/µm as a result of the 
treatment. BET surface area increased resulting in a 4 fold improvement in specific 
capacitance of the BP electrodes. Capacitance values before and after the treatments were 75 
and 290 F/g, respectively. We predict that this controlled surface modification technique 
could be put to good use in several applications based on macroscopic CNT films.  
 
 
1. Introduction 
In recent years single wall carbon nanotubes (SWNTs) in the form of free standing films 
called bucky papers (BP) or as micrometer thick films deposited on a substrate have found 
several applications[1,2]  like lithium ion batteries, fuel cells, hydrogen storage, chemical 
sensor,[3] actuators,[4] thermal heat sinks,[5] light weight, robust and flexible fibers.[6] In this 
report we have concentrated on two applications of BP namely supercapacitor electrodes[2,7,8] 
and field emitters.[9,10] Although macroscopic in nature these films retain most of the 
properties of the 1D nanotubes. They are easy to handle and because of statistical averaging 
over an ensemble of large number of tubes these films have reproducible and controllable 
characteristics, unlike devices based on a single nanotube. Electrochemical capacitors with 
extremely high values of capacitance (several thousand farads) are popularly called 
supercapacitors. They have several desirable characteristics like high power density (much 
higher than batteries and fuel cells), portability and a life extending over several cycles of 
charging-discharging.  They are used alongside batteries in applications like power backup, 
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mobile devices, pacemakers, air bags, electrical vehicles, etc. Further developments in 
supercapacitors are aimed at improving the energy density and hence the specific capacitance. 
Carbon nanotube (CNT) films have large accessible surface area, the highest conductivity per 
unit mass and electrochemical inertness. These properties make them an attractive electrode 
material for supercapacitors. Electrodes based on CNTs or composites of CNT with 
polyacrylonitrile, transition metal oxides like Ru2O3, In2O3 and MnO2 have been 
demonstrated successfully.[11-13] There have been numerous studies exploring the field 
emission (FE) properties of CNT films. CNTs have several advantages over other materials 
like high aspect ratio, high electron mobility and conductivity and near ballistic transport 
resulting in low operational temperatures. They are also resistant to chemical poisoning and 
physical sputtering due to the bombardment of positive ions during FE. BP is particularly well 
suited for forming flexible devices as compared to other complicated techniques.[14] 
 
Plasma is a unique medium for enabling reactions and modifications of nanostructures. It has 
been used to produce spindt type conical CNT microstructures for FE, synthesis, surface 
functionalization, doping and purification of CNT.[15,16] In this article we demonstrate that 
plasma treatment can convert a BP surface consisting of densely packed horizontal SWNTs 
into an array of vertical microstructures having shapes that resemble cones and pillars. 
Vertical arrays of CNT can be easily grown by chemical vapour deposition (CVD) on 
lithographically patterned catalyst. However factors like the presence of metal catalysts, weak 
adherence of CNT to the substrate and presence of the substrate itself can lead to undesirable 
effects in several applications. The plasma modified BP presented in this study is a free 
standing, all-CNT material in which the tubes on the surface are vertically aligned and formed 
into discrete shapes. Additionally the plasma processing technique is decoupled from the 
synthesis process and can be implemented easily and cost effectively (because of the absence 
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of lithography). We have used mixtures of H2+Ar and H2+CH4 gases for plasma treatment. 
BP retains its flexibility after the modification and can be easily integrated with any device for 
a multitude of applications. We demonstrate the usefulness of this technique by showing that 
the FE property of BP and the charge storage capability of supercapacitors made from BP 
electrodes improve significantly after plasma modification. Field enhancement factor (β) 
increases by 6.8 times while turn on field (VT) decreases by 3.5 times after treatment. The 
lowest VT obtained was ~ 0.1 V/μm. The specific capacitance of BP electrodes could be 
enhanced by 3.9 times to 290 F/g. We show that by controlling the characteristics of plasma 
one can control the shape of the microstructures to a certain extent. We also provide a rough 
quantitative analysis of the different factors involved in the modification process like the 
plasma sheath potential, dipole model of CNT, inter tubular cohesive energies and ion 
bombardment. A complex interplay between these different factors results in the formation of 
the microstructures on BP surface leading to the subsequent enhancement in properties. 
 
 
2. Results and Discussion  
Figure 1 shows electron microscope and optical images of as synthesized SWNTs and BP. 
Images in figure 2 compare the surface of BP before and after plasma treatment. It is evident 
that during plasma modification layers of CNT material first stood up in the form of walls and 
then those walls were etched by the plasma to produce the vertical pillars or cones on the BP 
surface. There are a few conspicuous differences between the etching effects of Ar and CH4 
plasmas. Firstly Ar plasma etches much more rapidly than CH4 plasma. Secondly at the same 
conditions of temperature and pressure the Ar plasma ball appears to be larger in size to the 
naked eye than the CH4 plasma ball. The Ar plasma ball partially engulfs the BP and the 
substrate holder while the CH4 ball hovers on top of the BP (see insets in figure 2(e) and (g)). 
This could enable Ar plasma to etch both the top and the bottom of the vertical walls formed 
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on BP at a similar rate resulting in pillar type microstructures with blunt tops. The CH4 
plasma appears to be concentrated near the top of the walls etching the top more rapidly than 
the bottom resulting in cone type structures with sharper tips. Also after 4 hours of treatment 
with CH4 plasma CNT bundles appear to protrude from the otherwise solid looking cones. 
The significance of these observations lie in the fact that the shape and size of the 
microstructures formed on the BP may be controlled by varying the properties of the plasma 
producing it. Further optimization is required in this direction. 
 
In an earlier study,[17] characteristics of the plasma formed in our microwave plasma chemical 
vapour deposition (MPCVD) system had been investigated. At a pressure of 70 torr and a 
temperature of 9250C the mixture of hydrogen and methane gases (with 99.2% H2) yielded the 
following temperature and density of electrons: Te ~10 eV and n ~ 1018 m-3. A plasma sheath 
having an extent equal to the debye length of electrons (λ)[18] is formed surrounding the BP 
resulting in an electric field perpendicular to the BP surface. The sheath potential or self 
potential of plasma[18] is  eV i eT ln m 4 m = 38.8 V, where mi and me are the masses of the 
methane ions and electrons, respectively. Debye length is given by  3 eVT7.4 x10
n
    
meters = 20 μm. Hence the electric field existing due to the plasma ~2 V/μm. CNTs will get 
polarized when subjected to this external electric field and behave as electric dipoles[19-22] 
with induced moments that are directly proportional to the field (E). The decrease in potential 
energy per unit length (PE) as the tube orientation changes from horizontal to vertical is given 
by 2ll
1 E
2
 ,[23] where αll is the component of polarizability parallel to the tube axis. The 
component perpendicular to the tube axis is much smaller and has been neglected here.[22] 
Owing to strong van der waal forces of attraction SWNTs have a tendency to agglomerate or 
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coalesce and form hexagonally packed bundles called ‘ropes’. The SWNTs within a bundle 
are strongly bound to one another with cohesive energies that depend on their diameters.[24] In 
some recent experiments it was reported that SWNT can form very dense solid materials 
under the influence of the surface tension of liquids.[25] Using UV visible absorption 
spectroscopy (figure 3) and kataura plot[26] we found that the majority of SWNTs in our 
sample have diameter around 1.35 nm for which cohesive energy is ~0.4 eV/A0.[24,27] If this 
cohesive energy is less than PE then it is energetically favorable for the tubes to become 
vertical. Approximating CNT as a metallic cylinder with length (l) >> radius (R), simple 
classical electrostatic theory gives[21,22] 2ll l /[24(ln(l / R) 1)]   . For tubes with diameter 
=1.35 nm and length =1μm, PE turns out to be 0.001 eV/A0, which is 2 orders of magnitude 
less than the cohesive energy. For tubes on the longer side with l =5μm PE =0.02 eV/A0, 
which is still one order of magnitude lesser. For semiconducting SWNT (which most of the 
tubes in our samples are) the value of PE will be even lesser,[21] about a 1000 times smaller 
than metallic tubes of same size.[23] However the temperature of the plasma is very high (900 
0C) so that kT ~0.1 eV ~33% of the band gap[23] of tubes having a diameter of 1.35 nm (where 
k is the boltzmann constant). Hence at such elevated temperature there may be lots of free 
electrons and a semiconductor can be treated as metal.[20] From the above calculations it is 
clear that whether the tubes are metallic or semiconducting, of moderate or significant length, 
the electric field arising due to the plasma is not strong enough to overcome the inter-tubular 
attractive forces and align the tubes vertically. Another evidence of this fact can be drawn 
from the FE experiments where a field ~1 V/μm exists, however no alignment or modification 
on the BP surface was observed. This implies that the ion and electron bombardment taking 
place on the BP surface due to the plasma not only etches away the BP and CNTs but also 
play a critical role in alignment. These collisions are energetic enough and can transfer 
sufficient momentum to the CNTs to weaken the cohesive forces. CNTs can then under the 
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influence of the sheath potential align themselves vertically. Another interesting observation 
in these experiments is the fact that it is not the individual tubes that are getting aligned but 
layers of CNT material. Lennard-jones potential[24] is generally used to describe van der waals 
force between for two molecules or atoms. It drops off extremely rapidly as the separation 
increases. BP is formed by deposition of layers or chunks of SWNT material on top of one 
another. We believe that within BP there will be regions or domains where SWNTs will exist 
as strongly bound ropes with inter tube separations that will be close to the ideal equilibrium 
values. However the distance between two such domains will be much larger making these 
the structural weak points much like grain boundaries in polycrystalline solids. It is from these 
points that the CNT layers are pulled up from the matrix of BP by the plasma and then etched 
to form pillars and cones. 
 
Improvement in the FE characteristics with plasma treatment is obvious from figure 4. 
Fowler nordheim (FN) theory[28] was employed to extract field enhancement factor (β) from 
the data. Briefly it states that 
2 2 3 2E
J exp B
A E
   
   
, where J is current density, E is applied 
electric field, A is the area of the emitter, B is a constant with value 6.83 x 109 V.eV-3/2m-1 
and φ is the work function of CNT (5 eV). β is basically the ratio of the local field at the 
surface of the emitter to the macroscopic applied field. Another parameter used to compare 
the performance of different emitters is turn on field (VT), defined as the macroscopic field 
required to produce a current density of 10 μA/cm2. Changes in the values of β (at low electric 
field regime) and VT with plasma treatment have been depicted in figure 4(c). These values 
compare well with other reported experiments.[10,29,30] 4 hrs of CH4 plasma treatment 
increased β from 3568 to 24250 and brought down VT from 0.35 V/μm to as low as 0.1 V/μm. 
This turn on field is among the lowest reported values in literature. It is worthwhile to note 
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that in these experiments we have avoided extensive functionalization, doping and defect 
creation as is evident from XPS[31] and raman spectra[32] (figure 2(h) and (i)). Hence the 
improvement is entirely due to the modification of the BP surface geometry. The protruding 
conical shapes with possibly just a few nanotubes at its tip will have very high local fields and 
reduced electrostatic screening. Difference in the microstructures on BP surface after 
treatment with CH4 and Ar plasma is reflected in the different degrees of improvement in the 
FE parameters.  Figure 5 shows the results of cyclic voltammetry (CV) and galvanostatic 
charging-discharging (CD) experiments. Specific capacitance (Csp) has been evaluated from 
both the CV and CD curves using the relation:[33] sp
A B
I 1 1C
dV dt m m
    
, where I is the 
current, dV/dt = scan rate in case of CV and = slope of the curves in CD, mA and mB are the 
masses of the two BP electrodes. The energy density (U) of the device is obtained by the 
formula 21U CV
2
  with C being the ratio of the total capacitance to the total mass of the 
electrodes and V is the working voltage. Since the electrochemical double layer capacitors 
formed at the two electrodes are in a series combination C = Csp/4.[13] The maximum power 
density (P) of the supercapacitor is calculated using P =V2/(4RM),[7,12,13] where M is the total 
mass of BP electrodes, R is the equivalent series resistance obtained from the ohmic IR drops 
in the CD curves. The results are presented in table 1. Capacitor made with BP electrodes had 
a Csp of 75 F/g, U of 8.5 Whr/Kg and P of 2 KW/Kg. These are in good agreement with 
previously published values.[8,11,12] After treatment with Ar plasma for 2 hours the values of 
Csp and P increase to 290 F/g and 7 KW/Kg, respectively. In these experiments the electrical 
contacts were formed by simply attaching BP to crocodile clips with flattened jaws. This 
resulted in high values of R (a few hundred ohms). There is significant scope for optimizing 
the contact resistance and improving P. For a detailed description of the current state of art 
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carbon based supercapacitors readers are advised to check the review articles.[34,35] There have 
been some reports about increasing the capacitance of CNT based electrodes by plasma 
treatment. But these have concentrated on functionalization by oxygen containing 
groups.[36,37] Contrary to these experiments the improvement in our case can be attributed to 
purely geometrical factors. Formation of the vertical microstructures on BP surface increases 
the electrode area available to ionic species within the electrolyte. Brunauer-Emmett-Teller 
(BET) surface area of BP before and after Ar plasma modification, as measured by N2 
adsorption-desorption technique was found to be 328 and 969 m2/g, respectively. The increase 
in area is commensurate with the increase in capacitance. The reported values of specific 
surface area of CNT are generally in the range 120-500 m2/g,[34] with some exceptions.[25] It is 
remarkable that our method can enhance the specific capacitance of CNT electrodes by a 
factor comparable to that observed in experiments involving addition of faradaic 
pseudocapacitive materials to CNT.[11,13] Finally we would like to stress that it is not the exact 
values of the parameters, but rather the changes in them produced as a result of the 
modification of surface morphology by plasma that are more fundamental to this study. In 
principle one could start with SWNT material having better crystallinity or purity, or 
functionalize the nanotubes, or form composites of it with other materials and produce better 
device performance by applying the plasma modification technique. 
 
 
3. Conclusion 
We have demonstrated that plasma assisted modification could be a viable route towards 
improving the applicability of SWNT papers. Free standing vertical CNT microstructures 
could be formed on BP surface. The shape of these structures depended on the characteristics 
of the plasma treatment performed. We have analyzed the different phenomena that had a role 
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in the formation of these structures. It was seen that the self potential of plasma is not strong 
enough to overcome the cohesive forces between SWNTs and the extra energy has to come 
from ion bombardment. Plasma modification improved the FE properties and increased the 
specific capacitance of BP electrodes by modifying the surface geometry and microstructure.  
Turn on field could be reduced by 3.5 times, BET surface area increased by almost 3 times 
and specific capacitance increased by 4 times after plasma modification. In principle several 
other applications based on CNT films for e.g. hydrophobic and self cleaning conducting 
surfaces, electrochemical sensors, fuel cells, Li ion batteries, etc. could also benefit 
immensely from this technique. 
 
 
4. Experimental Section 
SWNT: Synthesis of SWNT was carried using standard procedure already described in the 
literature.[39] We employed a catalyst consisting of solid solution of Co and Mo in MgO 
prepared by combustion synthesis.  Briefly cobalt(II) nitrate, ammonium molybdate and 
magnesium nitrate were mixed in appropriate stoichiometric ratios with citric acid powder 
and heated at 6000C under ambient conditions for 10 min. The composition of the catalyst 
was Co:Mo:MgO = 1:0.5:300. The SWNTs were grown by catalytic CVD of CH4 in the 
presence of H2 gas (in the ratio of 1:5) at a temperature of 960-9700 C under atmospheric 
pressure. The heating and cooling were carried out in a controlled environment of H2. 
 
BP and plasma treatment: Purification of the as synthesized nanotubes was done by 
dissolving away the catalyst residuals in 11 M nitric acid solution. BP was made by vacuum 
assisted filtration of a dispersion of SWNT using a polyvinylidene fluoride membrane (0.22 
μm pore size). After drying the BP can be peeled off easily from the filter. BPs used in these 
experiments were about 2 cm in diameter and 15 μm in thickness. Plasma treatment was 
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performed inside a MPCVD chamber with magnetron operated at ~ 400 W power, at a 
temperature of ~9000 C and pressure of ~70 torr. The base pressure of the chamber was 
approximately 10-2 torr and the gas mixtures used to create the plasma were H2+Ar and 
H2+CH4 with 99% H2 in both cases.  
 
FE and capacitance: FE studies were done inside a diode type set up at a pressure ~ 1.5x10-6 
torr using computer controlled Keithley 6514 electrometer and SRS power supply (model PS-
325). The electrochemical cell used to test the capacitance was made by using two pieces of 
BP electrodes dipped in 1M aqueous solution of H2SO4. Cyclic voltammetry and 
galvanostatic charge-discharge measurements were conducted using an Autolab PGSTAT-
100 electrochemical workstation in a two electrode configuration. For further information 
about the chemicals and the instruments used see supporting information.  
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Figure 1. (a) and (b) Transmission electron microscope (TEM) images of as synthesized 
SWNT material. (b) is taken at higher magnification. (c) Scanning electron microscope 
(SEM) images showing bundles of SWNT disentangled from the BP matrix and emerging out 
from a damaged portion. (d) Optical images demonstrating the flexibility of BP. It can be 
folded and unfolded without causing any visible damage.   
 
 
 
(b)
(d)
(a) 
(c) 
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Figure 2. Plasma modification of BP. (a) High magnification SEM image of the surface of as 
synthesized BP. (b), (c) and (d) show the progressive evolution of BP surface with CH4+H2 
plasma treatment. (b) After 1 hr vertical wall like features start to appear. Slowly these 
convert into cones. (c) After 2 hrs. (d) After 4 hrs. (e) Magnified image of (d). The inset 
shows schematically the relative position of the CH4 plasma ball (circle) w.r.t. the BP 
(rectangle). (f) After 1 hr of Ar+H2 plasma treatment. (g) After 2 hrs. The inset shows the Ar 
plasma ball engulfing the BP. Difference in the position of plasma ball probably gives rise to 
the difference in the shape of the microstructures from cone like to pillar like. (h) Raman 
spectra before and after plasma treatments. The spectra have been normalized w.r.t. the G 
bands. The strong RBMs and weak D bands[32] suggest that the crystallinity of SWNT remain 
intact after the treatments. (i) X-ray photoelectron spectroscopy (XPS) spectra show the 
absence of doping or functionalization. The hump at 286 eV is indicative of OH groups 
present on oxidized SWNT[31] (which is generally a side effect of acid purification) and it 
disappears after the plasma treatments.  
(g) (i)(h) 
(d) (e) (f)
(c)(b) (a) 
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Figure 3. Optical absorption spectrum in the visible and near infrared region of purified 
SWNT material. The large peak at about 1930 nm corresponds to S11 electronic transitions of 
semiconducting SWNT. The possible diameter of these tubes (1.35 nm) was estimated using a 
simple kataura plot.[26] 
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Figure 4. FE properties of BP. (a) Plot of current density vs. applied field for as produced BP 
and those treated with CH4 and Ar plasmas for different time intervals. (b) Fowler Nordheim 
plots (c) Variation of the two important device parameters of the BP field emitters with 
plasma treatment. (d) Time stability measurements of the emitters. After plasma treatment the 
currents get slightly noisier. The values of standard deviations (σ) (in μA) in the recorded 
currents are shown. There is no significant loss in current after 5 hrs of operation. 
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Figure 5. Characteristics of the supercapacitors fabricated with BP electrodes. (a) CV curves 
at a scan rate of 200 mV/s obtained with BP and Ar plasma treated BP. Currents have been 
normalized by the masses of the electrodes for better comparison. Vertical widths of the boxes 
are proportional to the capacitances (b) CD curves obtained with 1 mA current. The ohmic 
potential drops are shown as IR. (c) Cyclic stability of the capacitors measured at 200 mV/s. 
There is a minor drop in capacitance of about 3 to 4% after 1000 cycles. 
 
 
 
 
Table 1. The main device parameters associated with the supercapacitors formed from BP 
and Ar plasma treated BP. 
 
 
Parameter [a] BP Ar-2hr 
Csp (F/g) 75 and 
66[b] 
290 and 
230[b] 
U (W.hr/Kg) 8.5 17 
P (KW/Kg) 2 7 
 
[a] Csp, U and P are the specific capacitance, energy density and maximum power density of 
the supercapacitors. [b] These two values are obtained from cyclic voltammetry while the rest 
are obtained from charging-discharging experiments. 
(b) (a) 
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The table of contents entry  
 
Free standing, vertical single wall carbon nanotube microstructures were formed on the 
surface of bucky paper by plasma treatment. Shapes of the microstructures depend on the type 
of plasma used. Performance of the papers as field emitters and electrodes in supercapacitors 
improve significantly after the modification.   
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Supporting information 
 
 
Chemicals and gases used: 
 
Cobalt (II) nitrate -- Loba Chemie, minimum assay 99% 
Ammonium molybdate -- Thomas Baker, minimum assay 99% 
Magnesium nitrate -- Merck, minimum assay 99% 
Citric acid powder -- Qualigens, minimum assay 99.5% 
HNO3 -- Merck, 69%, GR 
H2SO4 -- Merck, 98%, GR 
Filter papers -- Millipore  
H2 (99.95%) and CH4 (99.999%) gases for synthesis 
H2 (99.9999%), Ar (99.999%), CH4 (99.999%) gases for plasma modification 
 
 
Instruments used for characterization: 
 
SEM -- Jeol, JSM 6400 
HRTEM -- Jeol, JEM 2100F 
Raman -- Horiba Jobin Yvon, HR 800 
XPS -- Thermo vg Scientific, Multilab 2000 
XRD -- Philips Xpert Proanalytical 
TGA -- Perkin Elmer Diamond TG/DTA 
Uv-Vis -- Perkin Elmer Lambda 950 
BET -- Smart Instruments, Smart Sorb 92/93 
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Fig (1). X ray diffraction pattern of SWNT, as synthesized and after acid purification. Most of 
the MgO peaks disappear after acid treatment. The peaks for MgO and graphite (i.e. CNT) are 
labeled according to JCPDS files, PDF # 751525 and PDF# 752078, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig (2). Thermogravimetric analysis of BP carried out under ambient conditions. The 
maximum weight loss occurs at about 5800C which is indicative of SWNT. Multi wall 
nanotubes oxidize at higher temperatures whereas impurities like amorphous carbon oxidize 
at lower temperatures (4000C). 
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Potential energy: 
 
Fot a CNT lying at an angle θ with the electric field  E the torque acting on it is given by 
2
llPxE E cos sin     
 
, where P

represent the induced dipole moment. Thus the decrease 
in potential energy per unit length (PE) as the tube changes orientation from horizontal to 
vertical (i.e. parallel to the field) = magnitude of  
0
2
ll
90
1.d E
2
    . 
 
 
 
A note on the conversion of units: 
 
Generally Units in which αll is quoted in literature is m3. Hence αll per unit length becomes m2. 
αll in SI units (Cm2/V or C2m2/J) = (value of αll in m2) x 04 ,[1] where 0  is the permittivity 
of free space. 
 
 
 
 
Semiconducting tubes  
 
From raman and absorption spectroscopy studies it was found that majority of the SWNTs in 
our samples are semiconducting in nature. In semiconducting SWNTs the band gap is given 
by 0g c cE a / R  , where ac-c is the nearest neighbor carbon –carbon distance (0.142nm) and 
γ0 is the corresponding interaction energy (2.9 eV).[2] Band gap Eg turns out to be 0.305 eV for 
tubes with 1.35 nm diameter. The polarizability component (per unit length) parallel to the 
tube axis for semiconducting tubes is given by 2ll 2
g
0 R
17.8 eV
E
A       = 116.71 10
-29 Cm2/V. 
So the decrease in potential energy per unit length (PE) as the orientation changes = 466.8x10-
17 J/m = 2.9 10-6 eV/A, which is approximately 1000 times smaller than metallic tubes of 
same diameter and length. However the temperature of the plasma is very high (900 0C). Thus 
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kT ~ 0.1 eV ~ 33% of the band gap, where (k) is the boltzman constant. Hence at such 
elevated temp there may be lots of free electrons and a semiconductor can be treated as metal.  
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